positive lymphocytes were detected in some rabbits without detection of EBV-DNA in PBMCs. Conclusions: P3HR-1-EBV showed less efficient infection in rabbits than EBV from the B95-8 cell line. However, a P3HR-1-EBV-inoculated animal model is meaningful because this is the first study of EBNA-2 function on in vivo EBV infection and it demonstrated the in vivo infectivity with lytic-type infection by EBNA-2 -deleted EBV.
Introduction
Epstein-Barr virus (EBV; human herpesvirus 4) was discovered by Epstein et al. [1] . EBV persistently infects more than 90% of adults and the infection usually remains benign throughout life. Most humans are infected during childhood through saliva. EBV crosses the mucosal epithelium and infects B cells in underlying secondary lymphoid tissues such as the tonsils and lymph nodes. EBV then hides inside the nuclei of host B cells without manifesting any symptoms. EBV-infected B cells typically remain in a latent state, protected by viral proteins that both prevent their death by apoptosis and support proliferation [2] . EBV can also lytically infect to produce infec-tious mononucleosis, during which numerous mature viral particles are assembled and released [3] . Fortunately, the proliferation of infected B cells is inhibited by a T cellmediated immune response in most immunocompetent individuals. However, EBV is occasionally capable of causing severe diseases, including EBV-associated hemophagocytic syndrome and chronic active EBV infection. EBV is also known to be a tumorigenic virus, which is associated with a number of malignancies related to B cells, T cells, NK cells and epithelial cells. Patients with congenital or acquired immunodeficiency are at risk of EBVassociated lymphoproliferative disorders (LPD). However, the detailed mechanisms underlying their pathogenesis remain undefined because it is difficult to investigate the dynamics of EBV in vivo. Thus, it is necessary to develop an EBV-infected animal model.
Several animal models have been described for investigating the pathogenesis of EBV. EBV infects humans and specific types of New World monkeys, including the common marmoset, cotton-top tamarin and douroucouli [4] [5] [6] . EBV does not generally infect mice. However, it can infect humanized severe combined immunodeficient mice that have undergone human hematopoietic stem cell transplant [7] [8] [9] [10] . These animals are precious and it is difficult to use them in general laboratories because of problems with breeding, handling techniques and costs. It has been reported that rabbits can be infected with herpesvirus papio, which is a type of lymphocryptovirus that affects baboons, and that they develop herpesvirus papio-associated LPD and hemophagocytic syndrome [11] [12] [13] . Rabbits are easy to maintain and it is straightforward to collect blood from their ear veins. They are also suitable for long-term observation. We had recently reported that EBV from the B95-8 cell line (B95-8-EBV) infected rabbit lymphocytes in vivo via intravenous inoculation, which elicited a variety of host reactions [14] , while some rabbits were also infected through the intranasal route [15] . We also detected EBV-DNA continuously or intermittently in peripheral blood mononuclear cells (PBMCs) throughout a lifespan of more than 1,200 days in rabbits inoculated with B95-8-EBV [16] . This demonstrated that B95-8-EBV can cause transient and/or latent infections in rabbits. Thus, this rabbit model was shown to be convenient and appropriate for investigating the in vivo mechanisms of EBV infection and pathogenesis.
In this study, we inoculated 12 rabbits using EBV from the P3HR-1 cell line (P3HR-1-EBV), which lacks EBV nuclear antigen-2 (EBNA-2) and the last two exons of EBNAleader protein (EBNA-LP) [17] , and quite efficiently infects B cell lines [18] . P3HR-1-EBV can also infect human B lymphocytes in vitro, although it cannot transform them [19] , meaning EBNA-2 is essential for B cell transformation [19] .
Therefore, we hypothesized that there would be differences in the efficiency and pattern of EBV infection in type 2 EBV with EBNA-2 deletion (P3HR-1-EBV) and type 1 EBV (B95-8-EBV) inoculated rabbits. We also tested the effect of type 2 EBV with ENBA-2 deletion on inoculated rabbits and compared data obtained using P3HR-1-EBV in the present study with that obtained using prototype B95-8-EBV-infected rabbits in previous studies.
Materials and Methods

EBV-Producing Cells and Culture
P3HR-1 cells were cultured in RPMI 1640 medium (Nissui, Tokyo, Japan) with 5% FBS, glutamine and antibiotics (penicillin-G and streptomycin). Cultures were incubated at 37° for 1 week and then incubated at 33° for 2 weeks. The supernatant obtained from the P3HR-1 culture was filtered through 0.8-m filters to remove the cells and then centrifuged at 12,000 g for 90 min to collect virions using the Compact High Speed Refrigerated Centrifuge 7780 (Kubota, Tokyo, Japan). The pellets were diluted with fresh RPMI 1640 medium and inoculated into rabbits after determining the EBV-DNA copy number by real-time polymerase chain reaction (PCR), as described later.
Rabbits and Inoculation with EBV
We obtained specific pathogen-free normal male Japanese White rabbits (weight, 2-3 kg) from Shimizu Laboratory Supplies (Kyoto, Japan). The viral solution described above was inoculated into 12 rabbits via intranasal (n = 8) or intravenous (n = 4) routes. The inoculated EBV copy numbers for each rabbit were determined by real-time PCR assay (table 2 
Real-Time PCR of EBV-DNA
The PCR primers selected for this assay were specific for the BALF5 gene, which encodes the viral DNA polymerase [21, 22] . Real-time PCR was performed using DNA from blood or culture supernatant using the TaqMan PCR Kit (PE Applied Biosystems), as described previously [14, 15] .
EBV Antibody Analysis by ELISA
EBV antibodies in rabbit serum were measured by ELISA. The anti-EBV-virus capsid antigen (VCA)-IgG, EBNA-IgG and early antigen (EA)-IgG were measured by the EBV Viral Capsid-p18 (VCA-p18) Antigen IgG ELISA (Panbio, Brisbane, Qld., Australia), EBV EBNA-1 IgG ELISA (Panbio) and Epstein-Barr EA (EA-D) ELISA IgG (Vircell, Granada, Spain). Each antibody was measured as described previously [14, 15] .
RNA Extraction from PBMCs and Storage
PBMCs were collected from rabbit peripheral blood in tubes containing Cell Banker 1 (Juji Field, Tokyo, Japan) and then stored at -80° until use. RNA was extracted from PBMCs with the RNeasy Micro Kit (Qiagen, Hilden, Germany) and QIA Shredder (Qiagen), according to the manufacturer's protocol.
Detection of EBV Gene-Related mRNAs in PBMCs by RT-PCR
The quantity of mRNA was determined in PBMCs using a NanoDrop system (Thermo Scientific, Wilmington, Ohio, USA) with 500 ng of each RNA sample. RT-PCR was performed using the TaKaRa RNA PCR TM Kit (AMV) Ver. 
Pathological and Immunohistochemical Analysis
All rabbits were euthanized and autopsied 70-84 days after inoculation. Organs were examined microscopically, including the tonsils, spleen, mesenteric lymph nodes, appendix and liver. The specimens were hematoxylin-eosin (HE) stained and then immunostained with mouse monoclonal antibodies against LMP1 (clone CS1-4; DAKO, Kyoto, Japan), EBNA-2 (clone PE2; DAKO) and Bam HI Z fragment Epstein-Barr Replication Activator (ZEBRA, clone BZ.1; DAKO). Immunohistochemistry and antigen retrieval was performed as described previously [14, 15] .
RNA in situ Hybridization
EBV-encoded RNA (EBER)-1 expression was determined by in situ hybridization (ISH) with a fluorescein isothiocyanate (FITC)-labeled oligonucleotide probe that was complementary to the EBER-1 sequence 5 -AGACACCGTCCTCACCACCCGGG-ACTTGTA-3 [24] . ISH was performed as described previously [11] [12] [13] using routinely processed sections of paraffin-embedded samples of EBV-positive gastric cancer as a positive control and samples from the spleen, mesenteric lymph nodes, appendix, tonsils and liver of the autopsied rabbits. The DAKO ISH detection kit was used with the FITC-labeled DNA probes (Code No. K5201), including an AP-labeled rabbit anti-FITC antibody and 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT). Table 2 provides a summary of rabbits inoculated with P3HR-1-EBV. EBV-DNA was detected in PBMCs from 2 out of 8 rabbits inoculated via the intranasal route (O-23 and O-52). EBV-DNA was detected in O-23 from day 21 (3.0 ! 10 2 copies/10 6 WBCs) to day 77 (7.3 ! 10 2 copies/10 6 WBCs), while a maximum copy number of 6.0 ! fig. 1 A-1) . After day 63, O-23 lost weight rapidly (from 4.3 to 4.0 kg within 2 weeks). EBV-DNA (0.6 ! 10 2 copies/10 6 WBCs) was transiently detected in O-52 on day 42 after inoculation, but not again ( fig. 1 B-1) . EBV-DNA was not detected in PBMCs from the 4 rabbits inoculated via the intravenous route.
Results
Detection of EBV-DNA in PBMCs from Rabbits Inoculated via the Intranasal or Intravenous Routes
Levels of EBV Antibodies in Rabbit Serum
The EA-IgG levels sharply increased in O-23 from day 35 to 49, and these high levels were subsequently maintained ( fig. 1 A-1) . The EA-IgG levels increased transiently in O-52 on day 14 ( fig. 1 B-1) , although the levels did not increase in other rabbits ( fig. 1 C-1, d-1) . The VCA-IgG, VCA-IgM and EBNA-IgG antibody levels did not increase during observations of all rabbits (data not shown). 
mRNA Expression of EBV-Related Genes in PBMCs from the Rabbits
Pathological Findings in the Rabbits
O-23 was euthanized and dissected on day 77. No macroscopic pathological abnormalities were found in the secondary lymphoid tissues including the spleen, mesenteric lymph nodes, appendix, tonsils or liver by HE staining ( fig. 2 A-1, B-1, B-3, C-1) . However, EBER-1-positive lymphocytes were detected by ISH in the spleen, mesenteric lymph nodes, appendix, tonsil and liver. In particular, they were accumulated in the mantle zone ( fig. 2 B-2 , upper middle) and germinal center (GC; fig. 2 B-2, lower right and lower middle) of some follicles in the appendix. A small number were found between the follicles. We also demonstrated the presence of an EBER-1-positive lymphocyte in the squamous cell layer of the tonsils in this rabbit ( fig. 2 A-2) . EBER-1-positive lympho- Table 2 . S ummary of P3HR-1 EBV-inoculated rabbits used in this study cytes infiltrated only slightly into other secondary lymphoid tissues. P-203, P-205 and P-208 were euthanized and dissected on day 70. We confirmed that there were no abnormal pathological findings, although few scattered EBER-1-positive lymphocytes were observed in the mesenteric lymph node and/or the appendix. There were no abnormal pathological findings in the other 8 rabbits 
Discussion
In this study, we inoculated P3HR-1-EBV into 12 Japanese White rabbits via the intranasal or intravenous routes. We diagnosed infection as the detection of EBV-DNA in PBMCs or EBER-1-positive lymphocytes in tissues after inoculation. The inoculated rabbits were classified into the following four groups based on the data obtained: type a, EBV-DNA-positive in PBMCs and EBER-1-positive in tissue lymphocytes; type b, EBV-DNA-positive in PBMCs but no EBER-1-positive in tissue lymphocytes; type c, EBV-DNA-negative in PBMCs but EBER-1-positive in tissue lymphocytes, and type d, EBV-DNA-negative in PBMCs and no EBER-1-positive in tissue lymphocytes.
Only 1 rabbit (O-23) had a type a infection. For the first time, we showed the presence of an EBER-1-positive lymphocyte in the squamous cell layer of the tonsils in rabbit O-23 ( fig. 2 A-2 , arrow) during our rabbit infection experiment series [14, 15] . These EBV-infected lymphocytes may produce free virions that could infect other nearby uninfected lymphocytes and then they may be shed into the saliva, leading to the infection of new hosts. Most EBER-1-positive lymphocytes were observed in GCs and/or the mantle zones in some of the follicles in the appendix, while a small number of EBER-1-positive lymphocytes occasionally infiltrated other lymphoid tissues. This may be because the appendix is one of the most immunologically important organs in rabbits [25] . There are other models for the establishment of EBV latency in B cells. In one model [26, 27] , EBV initially infects naïve B cells and induces cellular proliferation via the expression of the viral latency III genes immediately after infection. EBV-infected B cells then participate in GC reaction. After differentiation, memory B cells emerge as the sites of latent infection (latency 0). In another model [28] , GC and/or memory B cells are directly infected with EBV, which expand without the GC reaction in patients with infectious mononucleosis. Based on our in vivo study using P3HR-1-EBV, we suggest that EBV-infected naïve B cells might not be capable of expanding immediately after infection to drive their proliferation because of their incapacity for expressing EBNA-2 . Therefore, we considered that P3HR-1-EBV-infected lymphocyte populations might fail to expand unless they experience the GC reaction. We detected EBV-infected lymphocytes in GCs ( fig. 2 B-2 , upper middle and lower right) and the mantle zones of a small number of follicles ( fig. 2 B-2 reaction to gain access to the memory B cell pool, which is the main reservoir of EBV in the mantle zone. Only 1 rabbit (O-52) had a type b infection. EBV-DNA, EBNA-1 -mRNA and EA-IgG antibody were transiently detected in this specimen ( fig. 1 B-1, B-2) . Thus, it is possible that a transient EBV infection was established. However, EBER-1-positive lymphocytes were not observed in any tissues after the autopsy. EBV may have been eliminated in this rabbit via innate and adaptive immunity mechanisms.
Three rabbits (P-203, P-205 and P-208) had a type c infection. A very small number of EBER-1-positive lymphocytes were occasionally detected in the secondary lymphoid tissues. This type was not observed in our previous studies [14, 15] . It is likely that P3HR-1-EBV could not expand to produce detectable EBV-DNA levels in PBMCs, whereas B95-8-EBV could rapidly expand after inoculation via the expression of latent or lytic viral genes [14, 15] . It is possible that the very small number of EBER-1-positive lymphocytes observed in these rabbits may have been detected by chance and that they may be eliminated by innate immunity mechanisms during the rabbit's lifetime. We compared P3HR-1-EBV with B95-8-EBV [14, 15] in terms of EBV-DNA detection in PBMCs from inoculated rabbits ( table 3 ) . EBV-DNA detection in PBMCs was useful for understanding the status of EBV infection in surviving rabbits. During the observation period, EBV-DNA was detected continuously in the peripheral blood of only 1 rabbit (O-23). It was difficult to detect EBV-DNA in PBMCs from P3HR-1-EBV-inoculated rabbits, and even if they were infected, the first EBV-DNA detection in PBMCs from O-23 and O-52 was at 3 and 6 weeks, respectively, after inoculation. In contrast, EBV-DNA first appeared in the blood within 2 weeks of inoculation, and it was continuously detected for a prolonged period in rabbits that were efficiently infected with B95-8-EBV ( table 3 ) [14, 15] . One possible reason why the rabbits inoculated with P3HR-1-EBV were inefficiently infected is that P3HR-1-EBV has a deletion of EBNA-2 . Therefore, we speculated that the growth capacity of lymphocytes infected with P3HR-1-EBV was inferior to that of lymphocytes infected with B95-8-EBV. Thus, even if some EBER-1-positive lymphocytes had remained latent in tissues, they might not have expanded into the blood to levels that were detectable by real-time PCR of EBV-DNA. In contrast, latent and/or lytic infection patterns of EBVrelated gene mRNA expression were observed in PBMCs from rabbits inoculated with both P3HR-1 and B95-8-EBV [14, 15] . This suggests that EBNA-2 -deleted EBV can infect rabbits to induce lytic infection without EBNA-2 expression. EBNA-2 -deleted P3HR-1-EBV is believed to infect lymphocytes in vitro, although it has no capacity for transforming B cells in vitro [19] . In fact, our unpublished data of succeeding the transformation of rabbit lymphocytes in vitro with B95-8-EBV but not with P3HR-1-EBV will also reinforce the above-mentioned idea that EBNA-2 is essential for the transformation of B lymphocytes. In contrast, this rabbit in vivo model demonstrated that EBNA-2 may not be essential for in vivo EBV infection and P3HR-1-EBV can expand in vivo, occasionally.
These data suggest that P3HR-1-EBV is difficult to develop as an EBV-infected animal model, because 10 out of 12 rabbits inoculated with P3HR-1-EBV produced no detectable EBV-DNA in PBMCs. In our previous studies, B95-8-EBV-inoculated rabbits had higher infection efficiency and they were better than P3HR-1-EBV-inoculated rabbits as EBV-infected animal models. However, P3HR-1-EBV-inoculated rabbit models are still significant and useful for studying the characteristics of in vivo infection by type 2 EBV with EBNA-2 deletion. 
